Abstract: Skeletal muscle dysfunction and mass loss is a characteristic feature in patients with chronic diseases including cancer and acute conditions such as critical illness. Maintenance of an adequate muscle mass is crucial for the patients' prognosis irrespective of the underlying condition. Moreover, aging-related sarcopenia may further aggravate the muscle wasting process associated with chronic diseases and cancer. Poly(adenosine diphosphate-ribose) polymerase (PARP) activation has been demonstrated to contribute to the pathophysiology of muscle mass loss and dysfunction in animal models of cancer-induced cachexia. Genetic inhibition of PARP activity attenuated the deleterious effects seen on depleted muscles in mouse models of oncologic cachexia. In the present minireview the mechanisms whereby PARP activity inhibition may improve muscle mass and performance in models of cancer-induced cachexia are discussed. Specifically, the beneficial effects of inhibition of PARP activity on attenuation of increased oxidative stress, protein catabolism, poor muscle anabolism and mitochondrial content and epigenetic modulation of muscle phenotype are reviewed in this article. Finally, the potential therapeutic strategies of pharmacological PARP activity inhibition for the treatment of cancer-induced cachexia are also being described in this review.
Introduction
Skeletal muscle dysfunction and mass loss is a characteristic feature in patients with chronic diseases including cancer and acute conditions such as critical illness. Maintenance of an adequate muscle mass is crucial for the patients' prognosis irrespective of the underlying condition Barreiro, 2017; Vogelmeier et al., 2017) . It has been repeatedly shown that chronic patients with poor muscle mass and weakness and nutritional abnormalities die significantly earlier than those with normal body composition (Marquis et al., 2002; Swallow et al., 2007; Fearon et al., 2011; Puig-Vilanova et al., 2015) . Physical activity and exercise tolerance is also diminished in patients with serious muscle mass loss and weakness, thus impairing the patients' quality of life and prognosis (Marquis et al., 2002; Swallow et al., 2007; Seymour et al., 2010; Fearon et al., 2011; Shrikrishna et al., 2012; Puig-Vilanova et al., 2015) . In addition, aging-related sarcopenia may further aggravate the muscle wasting process associated with chronic diseases and cancer.
Although the underlying biology of muscle mass loss and dysfunction in chronic disorders is still under investigation, several common biological mechanisms such as oxidative stress, epigenetic alterations, inflammation, and poly(adenosine diphosphate-ribose) polymerase (PARP) activation have been demonstrated to contribute to the pathophysiology of muscle mass loss and dysfunction in animal models (Marquis et al., 2002; Swallow et al., 2007; Barreiro et al., 2011 Fearon et al., 2011; Fermoselle et al., 2012; Puig-Vilanova et al., 2014a,b,c; Puig-Vilanova et al., 2015; Chacon-Cabrera et al., 2015 , 2017 . Inhibition of PARP activity has been demonstrated to exert beneficial effects in organs and tissues including skeletal muscles and several cancer types. As several pharmacological inhibitors of PARP enzyme activity are already available, the interest in the study of PARP activity and its effects on tissues is increasingly growing. Furthermore, as current therapeutic strategies to treat muscle mass loss are still scarce, research on this arena should be welcome. In this regard, the present minireview aims to give an overview of the most relevant findings on the potential implications of PARP activity inhibition as a therapeutic strategy for the treatment of muscle mass loss and dysfunction in cancer-induced cachexia.
PARP enzyme activity
PARP enzymes consist of a family of proteins that catalytically cleave β-nicotinamide adenine dinucleotide (β-NAD + ) into nicotinamide and ADP-ribose and transfer the ADP-ribose moiety to acceptor residues of target proteins (Yelamos et al., 2011) . Importantly, PARP family of nuclear proteins are involved in the regulation of several cell functions such as DNA repair, cell cycle progression, chromatin function, gene transcription, genomic stability, angiogenesis, and cell death among the most relevant ones (Hassa and Hottiger, 1999) (Figure 1 ). Poly(ADP-ribosyl)ation, a process characterized by the transfer of ADP-ribose moiety of NAD + molecules to acceptor residues of target proteins by PARP, is an important posttranslational modification of protein residues such as DNA replication factors and signaling molecules. Moreover, poly(ADP-ribosyl)ation may also regulate epigenetic events in cells (Chacon-Cabrera et al., 2015) ( Figure 1 ).
Pathophysiological effects of parp activity in tissues
Among the 17 members of the PARP family, PARP-1 and PARP-2 play a fundamental role in epigenetic processes through the orchestration of several chromatin-based biological activities (Yelamos et al., 2011) . As such native condensed chromatin superstructure was restored by poly(ADP-ribose) glycohydrolase in vitro (de et al., 1986) . Interestingly, PARP-1 inhibition using pharmacological agents or knockout mice was also shown to increase the levels of type III histone deacetylase Sirtuin1 activity and to improve oxidative metabolism in the animals (Bai et al., 2011b) . Moreover, inhibition of PARP-2 also induced an increase in mitochondrial content and Sirtuin1 protein levels in limb muscles of the knockout mice (Bai et al., 2011a) . On the other hand, PARP activation may also induce deleterious effects on tissues due to the upregulation of proinflammatory cascades or by inducing a hypermetabolic state within the cells, hence leading to metabolic depletion (Ullrich et al., 1999 (Ullrich et al., , 2000 Bai et al., 2015) .
PARP-1 binds to both single-and double-stranded DNA breaks, thus acting both as a DNA damage sensor and a signaling molecule (Figure 2 ). PARP-1 forms homodimers and catalyzes the cleavage of NAD + into nicotinamide and ADP-ribose upon its binding to damaged DNA. Long branches of ADP-ribose polymers are formed on target proteins namely histones and PARP-1 itself (Pacher and Szabo, 2008) . This process entails a severe energetic depletion, mitochondrial dysfunction, and eventual tissue destruction (necrosis) Schreiber et al., 2006) . The signaling molecule nuclear factor (NF)-κB may also be activated by PARP-1 activity, thus leading to the activation of inflammatory and oxidative cascades of events in tissues. As such activation of PARP activity has also been shown in oxidative stress-related pathologies, and in metabolic and immune regulation (Yelamos et al., 2011; Burkle and Virag, 2013) . Overactivation of PARP, which may occur as a result of increased oxidant production, exerts deleterious effects on tissues mainly by depletion of intracellular NAD + and ATP stores that lead to cell dysfunction and death (Ha and Snyder, 1999) ( Figure 2 ). Importantly, this mechanism of cell destruction participates in the etiology of conditions characterized by severe muscle wasting, such as acute lung and renal injuries (Kiefmann et al., 2004; Zheng et al., 2005; Vaschetto et al., 2008) and sepsis (Jagtap et al., 2002) . Interestingly, in cardiovascular and neurodegenerative diseases inhibition of PARP activity (genetic or pharmacological) along with neutralization of the highly reactive species peroxynitrite resulted in the prevention of cell death and attenuation of inflammatory signaling pathways (Jagtap and Szabo, 2005; Pacher et al., 2007; Szabo et al., 2007) . On the other hand, PARP-1 and PARP-2 inhibition was also shown to promote oxidative metabolism and increased energy expenditure in skeletal muscles in other studies (Bai et al., 2011a,b) and to attenuate muscle mass loss in cancer cachectic mice through epigenetic regulation (Chacon-Cabrera et al., 2015) .
Role of PARP activity in skeletal muscles in cancer-induced cachexia Effects on oxidative stress and proteolysis signaling
PARP activation has been recently demonstrated in the diaphragm and gastrocnemius muscles of mice with lung cancer-induced cachexia (Chacon-Cabrera et al., 2017) . Additionally, in the same investigation, levels of protein oxidation, NF-κB, tyrosine release (marker of muscle protein degradation), and ubiquitin-proteasome system markers were all increased in both respiratory and limb muscles in the mice (Chacon-Cabrera et al., 2017) . The line has also been put forward that contractile myosin, mitochondrial content, and superoxide dismutase levels were reduced in the muscles of the cancer cachectic mice in the same study (Chacon-Cabrera et al., 2017) . Importantly, in cancer-cachectic mice that were genetically deficient for either Parp-1 or Parp-2 expression, all these biological alterations were attenuated in their respiratory and limb muscles, while showing a significant reduction in PARP activity in those muscles (Chacon-Cabrera et al., 2017) . Body weight loss was also partly attenuated in Parp-1 −/− and Parp-2 −/− mice bearing the lung tumor during the study period (Chacon-Cabrera et al., 2017) .
Specifically, deletion of Parp-1 and Parp-2 genes attenuated the rise in protein oxidation and the decrease in SOD2 in both respiratory and limb muscles (ChaconCabrera et al., 2017) . These results implied that PARP may underlie oxidant production and alter antioxidant defense in cancer cachectic muscles. Indeed, it had been demonstrated that resistance to oxidative stress was highly dependent on PARP activation (Olah et al., 2015) , and that PARP also activated proteasomal degradation in response to increased oxidative stress in leukemic cells (Ullrich et al., 2000) . In keeping with this, deletion of either Parp-1 or Parp-2 genes attenuated the decrease in myosin protein loss observed in the cancer cachectic mice (Chacon-Cabrera et al., 2017) . In the study, it was also suggested that the improvements observed in body and muscle weights and limb muscle strength in Parp-1 −/− and Parp-2 −/− cachectic mice was partly the result of the reduced muscle proteolysis seen in the absence of PARP activity (Chacon-Cabrera et al., 2017) .
Importantly, NF-κB and MAPK were the predominant signaling pathways driving muscle mass loss in mice with lung cancer-induced cachexia (Chacon-Cabrera et al., 2014 , 2017 . Increased transcriptional activity of NF-κB was also shown in the gastrocnemius of cancer cachectic mice (Chacon-Cabrera et al., 2014) . Therefore, the decrease in proteolytic degradation observed in the respiratory and limb muscles of Parp-1 −/− and Parp-2 −/− knockout mice may be attributable to the reduced NF-κB transcriptional activity induced by PARP enzyme deficiency as formerly shown in different models Hottiger, 1999, 2008; Oliver et al., 1999) .
Effects on markers of muscle anabolism
Similarly to previous reports (Fry et al., 2011; White et al., 2011; Toth et al., 2013) , levels of the anabolic marker mTOR were lower in the diaphragm and gastrocnemius of cancer cachectic wild type mice (Chacon-Cabrera et al., 2017) . In cachectic Parp-1 −/− and Parp-2 −/− rodents, the decrease in mTOR levels was attenuated in both muscles, thus suggesting that PARP-1 and PARP-2 may have interacted with mTOR signaling in cachectic muscles, at least in that experimental model (Chacon-Cabrera et al., 2017) . These results were consistent with those reported in previous studies, in which pharmacological inhibitors of PARP activity were shown to prevent mTOR downregulation by modulating adenosine monophosphate-activated protein kinase pathways (Ethier et al., 2012) .
Mitochondrial content as measured by the ratio of mitochondrial to nuclear DNA was reduced in diaphragm and gastrocnemius muscles of cancer cachectic mice, and such a reduction was attenuated in the cachectic mice exhibiting Parp-1 and Parp-2 genetic deletions (ChaconCabrera et al., 2017). Increased mitochondrial content was also shown upon inhibition of PARP-1, probably via Sirtuin1 activity (Rajamohan et al., 2009; Bai et al., 2015) , thus suggesting that PARP activity may play a significant role in maintenance of muscle metabolism via mitochondrial content. In keeping with, inhibition of PARP-2 activity also resulted in enhanced Sirtuin1 activity and increased mitochondrial content in several in vitro models (Bai et al., 2011a; Mohamed et al., 2014) .
Effects on muscle-specific microRNAs and protein acetylation in cancer cachectic muscles
As in developmental myogenesis, microRNAs and epigenetic events are also in control of muscle repair and regeneration following muscle fiber loss and injury during muscle wasting conditions such as in muscular dystrophies (Consalvi et al., 2011; Cui et al., 2017) . In this respect, a potential association between PARP-1 and -2 expressions and muscle-specific microRNAs was first demonstrated in skeletal muscles of lung cancer cachectic mice (Chacon-Cabrera et al., 2015) . The conclusions from that study were that particularly in the gastrocnemius of the tumor-bearing rodents, PARP-1 inhibition favored muscle proliferation and differentiation processes during regeneration as a result of the attenuation of miR-133, miR-206, and miR-486 downregulation, while PARP-2 inhibition may have rather promoted muscle differentiation of myoblasts by attenuating miR-206 downregulation. The conclusions from the study were that the blockade of PARP activity may have interacted with NF-κB, which has been consistently demonstrated to be upregulated in muscle wasting processes (Fermoselle et al., 2012 (Fermoselle et al., , 2013 Puig-Vilanova et al., 2014c; Chacon-Cabrera et al., 2015) . In fact, PARP-1 had been previously shown to directly interact with nuclear factor (NF)-κB Hottiger, 1999, 2008) . In this regard, inhibition of PARP activity, especially of PARP-1, may have prevented a further decrease in the expression of muscle-specific microRNAs by blocking NF-κB activity in vivo, particularly in the limb muscle of the cancer cachectic mice (Chacon-Cabrera et al., 2015) .
Hyperacetylation of proteins, which relies to a great extent on histone deacetylase (HDAC) activity, may lead to muscle mass loss in vivo by rendering proteins more prone to degradation through the action of histone acetyl transferases that may have ubiquitin-ligase activity and by dissociation of proteins from cellular chaperones (Alamdari et al., 2013) . Total protein acetylation levels were increased in the respiratory and limb muscles of lung cancer cachectic mice, while those of HDAC3, HDAC6, and Sirtuin1 were decreased (Chacon-Cabrera et al., 2015) . Similar findings had also been reported in in vivo models of muscle mass loss in previous studies (Sadoul et al., 2008; Alamdari et al., 2010 Alamdari et al., , 2013 Puig-Vilanova et al., 2015) , thus implying that reduced HDAC activity drives protein hyperacetylation in skeletal muscles during muscle wasting conditions (Sadoul et al., 2008; Alamdari et al., 2010 Alamdari et al., , 2013 PuigVilanova et al., 2015) . A relevant finding in the study was that increased total protein acetylation levels and reduced HDAC and Sirtuin1 content were attenuated in the muscles of Parp-1 −/− and Parp-2 −/− cachectic mice, which suggested that PARP-1 and PARP-2 inhibition may have prevented the cachectic muscles from undergoing further protein acetylation (Chacon-Cabrera et al., 2015) .
Levels of acetylation of specific transcription factors involved in muscle metabolism and mass maintenance have also been quantified in cancer cachectic muscles of mice (Chacon-Cabrera et al., 2015) . As such in wild type lung cancer cachectic mice, acetylation levels of FoxO3 were significantly increased in the diaphragm and gastrocnemius, while a rise in acetylated FoxO1 levels was only seen in the respiratory muscle of the same animals (Chacon-Cabrera et al., 2015) . Importantly, no significant differences were seen in either FoxO1 or FoxO3 acetylation levels in the respiratory or limb muscles in −/− and Parp-2 −/− cancer cachectic mice. As previously demonstrated in vitro (Tseng et al., 2014) , these findings imply that acetylation of the atrophy signaling pathways favored muscle protein loss, which were partly prevented by PARP-1 and PARP-2 activity inhibition in the cachectic mice (Chacon-Cabrera et al., 2015) .
Myogenic regulatory factors control myogenesis and muscle remodeling in response to injury in adult muscles. Furthermore, the fiber type profile of a given muscle may also be orchestrated by the myogenic regulatory factors. As such, MEF2 family of transcription factors plays a relevant role in muscle phenotype determination of fast-and slow-twitch muscle fibers in mice (Potthoff et al., 2007) . Moreover, MEF2 is regulated by acetylation and deacetylation events such as class II HDACs, which can directly bind and inhibit MEF2-regulated transcription of genes (Zhang et al., 2002) . In muscles of lung cancer cachectic mice, protein levels of MEF2C and MEF2D were reduced, whereas such a reduction was attenuated in the same muscles of Parp-1 −/− and Parp-2 −/− cachectic mice (ChaconCabrera et al., 2015) . Yin Yang (YY)1 is a transcription factor involved in histone modifications, which inhibits muscle regeneration through the transcriptional silencing of myofibrillar genes (Wang et al., 2007) . In a previous investigation (Natanek et al., 2011) , protein levels of YY1 inversely correlated with the reduced size of slow-and fast-twitch muscle fibers in the vastus lateralis of patients with COPD. Recently, YY1 levels were shown to be reduced in respiratory and limb muscles of cancer cachectic mice including those exhibiting Parp-1 or Parp-2 genetic deletions (Chacon-Cabrera et al., 2015) . The conclusions from those findings were that as the deficiency of PARP-1 and PARP-2 activity induced an increase in the size of slow-and fast-twitch fibers in both respiratory and limb muscles of the cancer cachectic animals, YY1 most likely contributed to the maintenance of fiber size seen in those muscles (Chacon-Cabrera et al., 2015) (Figure 3 ).
Concluding remarks and future perspectives
The potential beneficial effects of parp-1 and parp-2 genetic deletions to prevent cancer-induced cachexia have been explored on the basis of different investigations based on the use of specific in vivo mouse models. The results gathered so far have demonstrated that the absence of PARP activity mitigated the expression of several biological events that are involved in the process of poor muscle anabolism, mass loss and weakness in cancer-induced cachexia. Moreover, the attenuation of the biological events was accompanied by the improvement in muscle structural features, especially atrophy, and performance in the cancer cachectic mice along with an amelioration of the rates of their body weight loss.
As pharmacological inhibitors of PARP-1 and -2 are currently available for the treatment of certain cancer types in humans, future research should focus on the assessment Figure 3 : Brief outline of the biological mechanisms through which genetic inhibition of PARP activity improves muscle mass loss and dysfunction in models of cancer-induced cachexia. Biological events such as increased oxidative stress, protein acetylation, and proteolysis together with reduced muscle-specific micro-RNA expression and myogenic regulatory factors, and poor muscle mass mitochondrial anabolism have been demonstrated in the skeletal muscles of mice with cancer cachexia. Inhibition of PARP activity partially reversed these deleterious events in the mouse muscles, leading to improvements in muscle structure and performance. These results led to the concept that inhibition of PARP activity may be a good therapeutic approach in cancer cachexia. For a review see Chacon-Cabrera et al. (2015 , 2017 .
of whether selective pharmacological inhibitors of PARP-1 and PARP-2 exert similar beneficial effects on respiratory and limb muscles in models of cancer-induced cachexia including patients with cancer and muscle wasting. Nonetheless, the potential harmful effects on genomic instability derived from PARP activity inhibition should be primarily identified before PARP-1/2 inhibitors can be routinely prescribed for the treatment of cancer-induced cachexia or other muscle wasting conditions. Future avenues of research should be designed to specifically address this question. Those findings would facilitate the design of selective PARP inhibitors that may promote the restoration of both muscle mass and strength in patients with oncologic cachexia. Clinical trials to specifically test whether pharmacological PARP inhibitors may improve muscle mass and function in patients with chronic debilitating conditions that are associated with muscle wasting are urgently needed. Such improvements would have beneficial effects on the patients' exercise capacity, quality of life, and disease prognosis.
